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Abstract 
Biological CO2 capture and utilization with algae has the potential to mitigate major 
environmental problems associated with greenhouse gas emissions and excess wastewater 
nutrient discharges, and at the same time, generate a valuable biomass product that can be 
used for biofuels and/or animal feed. However, there are important practical limitations in 
currently available systems and technology that have limited pilot demonstration and 
applications for this technology. This project addressed critical challenges to practical 
demonstrations of biological CO2 capture systems and subsequent thermochemical conversion 
of biomass to biofuels. First, the capability to harvest and store actual power plant flue gas 
samples in pressurized cylinders was developed, and these samples were then used to study 
acclimation in algae cultivation systems dosed with flue gas. Second, this project demonstrated 
the use of anaerobic digestion to recover residual energy from the aqueous byproduct of 
hydrothermal liquefaction (HTLaq), which is generated during the conversion of algae or other 
organic feedstocks to biofuels.  
Algae cultivation experiments showed that a mixed culture of algae is capable of using CO2 from 
power plant flue gas without a negative impact on the algal growth rate. In fact, the algal 
biomass productivity was up to 67% higher with flue gas injection than that from control 
cultures. The CO2 removal efficiency was between 18 to 25%, and there is room for further 
improvement. A heavy metal analysis of algal biomass cultivated with flue gas inputs showed 
that algae can overaccumulate certain heavy metals (Zn, Pb, and Cu) that could limit its use for 
some animal feed products. Further study is needed to identify the factors controlling heavy 
metal uptake and develop mitigation strategies.  
In the second part of this study, we demonstrated anaerobic treatment of HTLaq combined 
with sewage sludge from municipal wastewater treatment at both the lab and full-scale 
operations. The lab-scale experiments showed that compared to a control digester with sewage 
sludge only, 18% more biogas was produced when HTLaq was dosed at 12% of the total organic 
loading to the digester. This dosing level is substantially higher than reported in other 
literature. The higher dosing level was accomplished via gradual acclimation of the anaerobic 
cultures to increasing amounts of HTLaq. Full-scale testing was conducted in the anaerobic 
digesters at a local wastewater treatment plant, which was dosed with up to 0.4% of the 
organic loading from HTLaq. This experiment was limited by the amount of HTLaq available, but 
showed successful anaerobic digestion without any evidence of inhibition or negative impacts 
on biogas production. Future work should investigate higher loading rates of HTLaq at both the 
lab and full-scale operations to further enhance bioenergy production. A techno-economic 
analysis performed showed that bioenergy production at a typical wastewater plant could be 
increased by up to 70% by integrating HTL conversion of sewage sludge upstream of anaerobic 
digestion. The total annualized cost for this combination was also lower than anaerobic 
digestion alone for a greenfield land application.  
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1. Introduction 
 
The United States is the world’s largest energy user and second largest CO2 emitter due to 
heavy reliance on fossil fuel-powered energy systems. Among fossil fuels, coal has a relatively 
high CO2 footprint, and US coal-burning power utilities emit about 1562 million tons/yr (MM 
TPY) of CO2, which accounts for more than 75% of the total US power plant emissions. Hence, 
reducing the CO2 emissions footprint from coal power plants is a key element for mitigating 
greenhouse gas emissions. Despite significant interest, the implementation of CO2 capture 
technologies has been limited by high capture costs that far exceed the US Department of 
Energy’s (DOE) nominal target of $30-$40/ton. Thus, more cost-effective technologies are 
needed that can simultaneously reduce CO2 emissions and fossil fuel consumption. 
 
Fuels produced from renewable biomass (biofuels) are an important tool for addressing long-
term energy security and reducing the CO2 footprint associated with fossil fuels. Liquid biofuels 
for the transportation sector are particularly attractive because they can leverage existing 
infrastructure and pose fewer implementation challenges than pressurized gas or electric 
vehicles. A strong biofuels industry would improve the US economy, stabilize the cost of energy, 
reduce greenhouse gas emissions, and reduce dependence on imported petroleum. Currently, 
biofuels are mainly derived from terrestrial crops containing oil or starches. However, this 
approach has shortcomings, including cost of the feedstock, competition with the food supply, 
significant energy input, and inability to use CO2 concentrations that are significantly greater 
than ambient atmospheric levels. As a result, traditional terrestrial biofuels do not reduce the 
cost of carbon capture and are not well suited for direct CO2 capture from elevated 
concentrations in flue gas. 
 
The use of algae to capture CO2 and then produce biofuels has the potential to offset some of 
the key limitations of traditional approaches to carbon capture, carbon utilization, and biofuels 
production. Algae can effectively use high CO2 concentrations with very high growth rates and 
short harvesting cycles, and can support bio-fuel productivities per land area that can be an 
order of magnitude higher than those achieved with traditional crops. Our research group at 
the University of Illinois has also shown that a wide variety of algal biomass types can be 
converted to liquid fuels via hydrothermal liquefaction (HTL). By making valuable bio-fuel 
products from captured CO2, we can effectively reduce the net cost of CO2 capture. In addition, 
algae can be used for other higher-value products, such as animal feed ingredients, which can 
further reduce the net cost of CO2 capture. 
 
Despite the advantages of algae for CO2 mitigation and biofuels, the costs of making biofuels 
from algae using current conventional approaches are too high to support large-volume 
commodity markets for algal biofuels. Table 1 presents a comparison of recent DOE estimates 
of the costs to produce algal biomass and the subsequent conversion of algae to biofuels via 
HTL including the downstream unit processes needed to make finished drop-in fuels. The costs 
are organized according to the major cost contributions. The table compares costs for the 
current state of technology (2015 SOT) and for the 2022 projected mature technology. The 
biomass portion of the table presents the data as $/dry ton, whereas the conversion costs are 
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in $/gal of gasoline equivalent (gge). The DOE technical data for estimates used in this table are 
provided in the DOE-BETO 2016 Multi-Year Program Plan (MYPP) (DOE, 2016), which is built on 
more detailed analyses in reports by DOE national labs (Jones et al., 2014; Davis et al., 2014). 
The MYPP identifies HTL as a priority pathway for converting algal biomass to advanced biofuels 
that meet life-cycle emission goals. 
 
One unresolved issue with HTL is that it also produces an aqueous product that contains a 
significant amount of organics, as well as most of the feedstock nutrients, metals, and salts 
from the original biomass feedstocks. The HTL aqueous product is essentially a high-strength 
wastewater that, at full strength, has been shown to inhibit the growth of both algae and 
bacteria. This action could limit recycling of the HTL aqueous product in algae cultivation 
systems and wastewater treatment plants. However, past studies were typically batch tests 
with a single loading of HTL aqueous product that did not allow the microbial cultures to 
acclimate or adapt to the potentially inhibitory compounds in the HTL aqueous product. 
 
Confirming the ability of the algae to work with real flue gas in our current smaller-scale pilot 
systems and the associated preliminary data will make subsequent proposals for larger-scale, 
long-term demonstrations much more compelling. In addition, we want to develop and 
demonstrate techniques for treating HTL aqueous products in continuous anaerobic digester 
processes to produce biogas and water that can be recycled in typical wastewater treatment 
plants. 
 
The MYPP also reports the major cost components for producing algal biofuels, which includes 
algal feedstock supply; HTL conversion of biomass to biocrude oil; the upgradation of HTL bio-
oil to finished fuels; and HTL aqueous product post-treatment. In the current state of 
technology (2015 SOT), the cost of producing an algal feedstock supply is estimated to 
contribute $15.15/gge to the cost of the bio-fuel. In contrast, the downstream processes 
contribute $3.48/gge. This further underscores the utmost importance of pursuing significant 
reductions in algal biomass production costs. Among the other bio-fuel production costs, the 
largest contribution is for post-treatment of the HTL aqueous product, which is assumed to 
occur by catalytic hydrothermal gasification (CHG) in the current DOE techno-economic analysis 
techno-economic analysis baseline. CHG removes excess organics in the HTL aqueous product 
and converts them to a combustible syngas, but the costs are a major drawback. This project 
investigated a novel anaerobic digestion alternative that would be expected to cost much less. 
 
The overarching goal of this project was to facilitate the efficient, cost-effective capture and 
utilization of coal flue gas CO2 to generate algal biomass that can then be converted to liquid 
transportation fuels or used as a feed ingredient for livestock animal feeds. Toward this aim, 
the specific objectives of this study were two-fold: 
Objective 1: Confirm algae species survival, productivity, and carbon capture efficiency on 
real flue gas from the Abbott Power Plant at the U of I. 
Objective 2: Demonstrate stable and efficient anaerobic digestion of the strong wastewater 
from hydrothermal liquefaction (HTL). 
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Table 1. Comparison of current and projected future costs for producing algal biomass and 
biofuels via hydrothermal liquefaction. 
 
 
  Cost Categories 
2015 DOE Estimated Costs 
for Current State of 
Technology with Algae 
Productivity of 
8.5 g/m2/day 
2022 DOE Projected Costs 
for Modeled Design Case 
Technology 
with Algae Productivity of 
25 g/m2/day 
Algae Biomass Production Costs ($/dry ton)   
Ponds & Inoculum $ 1,359 $ 289 
CO2 Supply $ 99 $ 97 
Dewatering Operations $ 82 $ 52 
Nutrient Supply $ 25 $ 24 
Other Costs $ 76 $ 32 
TOTAL Algae Biomass Production $ 1,641 /dry ton $ 494 /dry ton 
   
Algal Biofuel Production Costs ($/gal 
gasoline equivalent, gge) 
  
Algae Biomass Supply $ 15.15 $ 3.18 
Hydrothermal Liquefaction (HTL) 
Conversion 
$ 1.18 $ 0.49 
Bio-oil Upgradation/Finishing $ 0.44 $ 0.31 
HTL Aqueous Product Post-treatment $ 1.54 $ 0.57 
Balance of Plant $ 0.29 $ 0.17 
TOTAL Biofuel Cost Before Credits $ 18.60 /gge $ 4.72 /gge 
   
Potential Algal Biofuel Production Cost 
Credits ($/gge) 
  
Carbon Capture Credit for DOE long- 
term target price of $40/ton CO2 
$ 0.74 $ 0.74 
Wastewater Treatment Credit at 
Current Minimum Nutrient Removal Cost 
of $5000/ton N 
$ 2.30 $ 2.30 
TOTAL Biofuel Cost After Credits $ 15.56 /gge $ 1.68 /gge 
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2. Methodology 
 
2.1 Algae tests on flue gas at Abbott Power Plant 
 
2.1.1 Flue gas pressurization and bottling  
 
The system for flue gas pressurization and capture is shown in Figure 1. Electrostatic 
precipitation and wet scrubber treated flue gas was collected from a sampling flange at Abbott 
Power Plant as the plant burned coal. From the sampling flange, a 10 ft copper coil was used to 
cool the flue gas to near ambient temperatures and transfer it to a vacuum pump. A water 
barrel can be used if further cooling is needed. A water trap was set up before the vacuum 
pump to prevent condensed water after cooling from entering the pump. Marathon Electric 
vacuum pump (model 5KH36KNA510X) was used to draw flue gas from the flange and increase 
the gas pressure to 15 ~20 psi. Subsequently, an air-driven gas booster (Max-DLE2-1) was used 
to pressurize flue gas into a gas cylinder. Driven with the local compressed air at 60 psi, the gas 
booster was able to pressurize the flue gas into the cylinder at 120 psi. A higher pressure can be 
achieved in the future if the higher pressure driving air is available. Four 100 lb propane tanks 
were used to store the pressurized flue gas, which was transferred to an algae cultivation site. 
The propane tanks were new and had never contained propane to ensure they were not 
contaminated. The average CO2 concentration of the flue gas in the cylinder was 5.7%.   
 
 
       
    
 
Figure 1. Flue gas pressurized/capturing system. 
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2.1.2 Algae cultivation system 
 
Mixed algal cultures were originally collected from the secondary clarifier of the local 
wastewater treatment plant (Urbana & Champaign Sanitary District, UCSD). After collection, 
mixed algal samples were inoculated in a 50 gal LED lighted reactor and fed with secondary 
wastewater effluent and 1% (v/v) CO2. Chlorella sp. and Scenedesmus sp. were the major 
species found in the water under microscope. The algae cultures were then transferred to four 
5 gal water bottles used for the flue gas cultivation experiments, shown as Figure 2.  
 
Experiments were set up in the greenhouse with natural sunlight. The initial algae culture 
concentration was 200 mg/L, and the F/2 media recipe was used for the liquid growth media. 
Air was pumped into each reactor at a rate of 0.5 L/min for mixing. Flue gas injection rates were 
0 (control), 0.05 (low), 0.1 (medium), and 0.2 (high) L/min between 9 am to 5 pm daily. The CO2 
injection rates were determined based on the assumption of algal biomass productivity of 100 
mg/L-day and 100%, 50%, and 25% CO2 uptake, which corresponded to the low, medium, and 
high CO2 flow rates, respectively. The operating conditions are summarized in Table 2. Algae 
growth rates were evaluated using the growth rate constant k (day-1), which can be calculated 
using the following equation: 
𝑁2 = 𝑁1𝑒
𝑘(𝑇2−𝑇1) 
where N2 is the biomass concentration at Time 2 (T2) and N1 is the biomass concentration at 
Time 1 (T1). 
 
 
 
 
 
Figure 2. Algae cultivation reactor setup in greenhouse. 
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Table 2. Operating conditions summary for algae cultivation experiments. 
 
Medium Air pumping 
rate 
Flue gas 
injection 
rate 
Injection 
time 
Flue gas 
injection 
amount 
Control f/2 0.5 L/min 
   
Low CO2 f/2 0.5 L/min 0.05 L/min 9 am – 5 pm 25.75 L/day 
Medium CO2 f/2 0.5 L/min 0.1 L/min 9 am – 5 pm 51.25 L/day 
High CO2 f/2 0.5 L/min 0.2 L/min 9 am – 5 pm 102.5 L/day 
Medium CO2 loading assumption: 0.1 g/L-d biomass productivity, 50% biomass is carbon, 50% CO2 uptake rate; 
Reactor volume: 15L 
 
 
 
2.1.3 Biomass & gas characterization 
 
Algal biomass quantities were measured as total suspended solids (TSS) according to standard 
methods (Eaton et al., 2005). An aliquot of 50 mL of algae solution was vacuum filtered through 
Whatman 934-AH glass microfiber filter paper. The filter paper was then dried at 105°C in an 
oven overnight. The TSS can be calculated based on the weight difference before and after 
drying. Flue gas samples were collected using a RESTEK gas sampling bag (#22950). Exhaust flue 
gas from algae reactors was sampled at noon while the reactors were covered by transparent 
caps with a single outlet. CO2 concentration in the flue gas was measured using gas 
chromatography with a thermal conductivity detector (GC-TCD). Samples of the medium and 
dried algal biomass were sent to the Illinois State Water Survey Analytical Service Group for a 
broad-range ICP-MS heavy metal scan and to the U of I Microanalysis Lab ICP-MS for targeted 
heavy metal analysis.  
 
2.2 Anaerobic treatment of HTLaq product 
 
2.2.1 Lab-scale sequencing-batch testing 
 
Initial investigations on the anaerobic treatment of HTLaq were conducted at the lab scale as a 
sequencing-batch reactor using a biomethane potential (BMP) testing apparatus (Anaero 
Technology, UK), as shown in Figure 3. Mesophilic anaerobic biomass collected from the 
Urbana-Champaign wastewater treatment plant served as the initial inoculum. Each of the 1 L 
BMP test bottles was loaded with 500 mL of inoculum, along with 100 mL of mixed sewage 
sludge (a combination of primary sludge and waste-activated sludge) plus low-strength HTLaq 
product at initial doses of 0, 0.1, 0.4, 1, and 2.5% of COD fed as HTLaq. The regular removal of 
100 mL of material and the addition of 100 mL of new mixed sludge plus HTLaq product were 
made to each bottle at their corresponding dosage, with a retention time of 20 days. All 
conditions were initially set up in triplicate, with constant mixing, and were kept at the 
mesophilic temperature (37°C). Biogas production was monitored continuously with regular 
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analysis of methane content via GC-TCD. Table 3 summarizes COD concentrations in the three 
materials that were used for the sequencing-batch testing.  
 
After reaching steady-state conditions in the initial sequencing-batch test, the dosage of HTLaq 
product added to the 2.5% HTLaq condition was gradually increased to 3, 7, and 9%. This was 
achieved by first increasing the dose of HTLaq product fed to two of the three 2.5% HTLaq 
condition replicates to 3% of chemical oxygen demand (COD) fed as HTLaq. The third replicate 
was increased to 7% of COD fed as HTLaq. All other conditions were discontinued at this point. 
Later, the 7% HTLaq condition was divided equally into two bottles, and one of those bottles 
was increased to 9% of COD fed as HTLaq, and the other remained at 7%. 
 
 
 
 
Figure 3. Photo of BMP testing apparatus (Anaero Technology, UK) used for lab-scale 
sequencing-batch testing of anaerobic treatment of HTLaq product. 
 
 
 
Table 3. Chemical oxygen demand (COD) of materials used in anaerobic treatment of HTLaq 
product sequencing-batch testing. 
Material COD Concentration 
(mg/L) 
Mesophilic Anaerobic Biomass Inoculum 25,720  ± 662 
Mixed Sewage Sludge 47,214  ± 13,847 
Low-strength HTLaq Product 18,495  ± 647 
High-strength HTLaq Product 42,832  ± 818 
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At the end of this transition with up to 9% of COD fed as low-strength HTLaq product, a second 
sequencing batch test was set up and operated in a similar manner. This time the acclimated 
biomass from the previous 2.5-9% HTLaq condition was used as the starting inoculum in all 
conditions, and a higher strength HTLaq product was applied. Each of the 1 L BMP test bottles 
was loaded with 500 mL of the acclimated biomass mixture, along with 100 mL of mixed 
sewage sludge, plus high-strength HTLaq product. In this second round of testing, two 
conditions were initially setup: a 0% HTLaq product control condition and a 7% of COD fed as 
HTLaq product test condition. The control condition was set up in duplicate and the test 
condition was set up in triplicate. Over the course of the experiment, the test condition was 
gradually increased to 12% of COD fed as HTLaq product, two of the test-condition replicates 
were further increased up to 19% of COD fed as HTLaq product.  
 
2.2.2 Full-scale demonstration of anaerobic treatment of HTLaq product 
 
For full-scale testing of anaerobic treatment of HTLaq, 40-220 gal/day of HTLaq product was fed 
to a full-scale mesophilic digester (Digester 1), treating approximately 27,500 gal of mixed 
sewage sludge per day at the Urbana and Champaign Sanitary District northeast wastewater 
treatment facility. The HTLaq product was loaded into two 300 gal totes. A feed tube was 
connected to the recirculation line of Digester 1, and a peristaltic pump was used to pump 
HTLaq product from the storage totes into the digester’s recirculation flow. This setup is shown 
in Figure 4. Biogas production before, during, and after the addition of HTLaq was monitored 
and compared to biogas production from a twin digester (Digester 2) over the same period. 
 
2.2.3 Microbial community analysis  
 
Next-generation Illumina MiSeq technology was used for sequencing of the microbial 
communities to elucidate changes resulting from acclimation to HTLaq. From the sequencing-
batch test, samples were collected from the 0%, 0.4%, and 2.5% conditions at the end of 
treatment on Day 73, as well as from the 3% and 9% conditions on Day 105. Samples were also 
collected from both digesters during the full-scale demonstration test on Day 64, representing 
the microbial community during operation with HTLaq addition in Digester 1, and Day 106, 
representing a normal operation without HTLaq addition. DNA extraction was carried out using 
the FastDNA™ SPIN Kit for Soil (MP Biomedicals, LLC) according to the manufacturer’s 
instructions. The extracted DNA was stored at -20°C until submitted for sequencing. DNA 
sequencing was carried out at the U of I Keck Biotechnology Center using Illumina MiSeq 
sequencing combined with Fluidigm sample preparation. Primer pair V4-515F - V4-806R was 
used to amplify the V4 region of the 16S rRNA gene of bacteria, and primer pair ArchaeaF349 - 
ArchaeaR806 was used to amplify the 16S rRNA gene of archaea. Mothur version 1.35.0 (Schoss 
et al., 2009) was used to assemble the forward and reverse sequences using the standard 
operating procedure for MiSeq data (Kozich et al., 2013). Using the software Primer-E Version 7 
(Quest Research Limited, Auckland, New Zealand), the microbial community sequence data 
were used to generate multidimensional scaling (MDS) plots, using the Bray-Curtis Similarity 
Index to visualize the similarity among microbial communities of different test conditions. 
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Figure 4. Setup of full-scale demonstration of anaerobic treatment of HTLaq product at the 
Urbana & Champaign Northwest wastewater treatment facility. Notes: HTLaq product was fed 
into Digester 1 via the recirculation line, and biogas production in Digester 1 was compared to 
biogas production in Digester 2 without HTLaq product. 
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3. Results and Discussion 
 
3.1 Algae study 
 
3.1.1 Biomass productivity under different CO2 concentrations 
 
For the first objective of this study, the feasibility of using flue gas for algae cultivation and 
evaluation of the carbon capture efficiency was investigated via a series of algae cultivation 
experiments. Details of the operation conditions were shown in Table 2. Figure 5 shows the 
algal biomass growth over time with a range of flue gas and CO2 loading rates. The results 
indicate that the higher flue gas injection rates resulted in faster algae growth. The growth rate 
constants for the control and the low, medium, and high flue gas injection rates were 
0.124/day, 0.130/day, 0.151/day, and 0.159/day, respectively, which corresponded to 37.8, 
41.5, 52.9, and 63.3 mg/L-d productivity, respectively. All reactors peaked around 500 mg/L, 
which indicates that the systems became nutrient limited at that point. Therefore, 
concentrated f/2 nutrients were added into the reactors at the end of 15 days, which is 
demarked by the first vertical red line in Figure 5. The high flue gas injection rate reactor only 
operated for 12 days to conserve flue gas usage and prolong the overall experiments.  
 
In the second phase of the growth experiment after the nutrients were replenished, the growth 
rate constants for control, low, and medium gas flow rates were 0.08/day, 0.11/day, and 
0.14/day, respectively. After all the cultures achieved the target concentration (~800 mg/L), 
20% of the reactor biomass was harvested and replaced with new medium to maintain the 
same volume, which is also demarked by a vertical red line in Figure 5.  
 
During the third phase of the algae growth experiment, the average growth rate constants for 
control, low, and medium flue gas injection rates during gas injection were 0.11/day, 0.13/day, 
and 0.16/day, respectively. The biomass productivity levels were 24.1 mg/L-d, 32.9 mg/L-d, and 
47.3 mg/L-day for the control, low, and medium flue gas injection rates, respectively. Biomass 
productivity was monitored during the flue gas injection periods (9 am–5 pm), which showed 
that more than 80% of biomass growth took place within the injection period.  
 
All in all, this experiment showed that flue gas can be used effectively to enhance algae growth, 
without negative effects, with injection rates up to at least 0.2 L/min or 0.013 (v/v min-1). 
Higher flue gas feed rates may also be advantageous for algae growth and should be tested in 
future studies. 
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Figure 5. Algal growth under different flue gas injection rates Low (0.05 L/min), Medium (0.1 
L/min), High (0.2 L/min). 
 
 
 
3.1.2 CO2 removal efficiency 
 
CO2 removal efficiency was measured and used to help interpret the CO2 uptake data. The CO2 
concentration in the influent and exhaust air was measured by gas chromatography. The CO2 
removal efficiency was then calculated by the difference of the CO2 concentration between 
influent and exhaust gas of reactors and determined by the following equation:  
 
𝐶𝑂2 𝑟𝑒𝑚𝑜𝑣𝑎𝑙 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =  
𝐼𝑛𝑓𝑙𝑢𝑒𝑛𝑡 𝐶𝑂2 𝑐𝑜𝑛𝑐. −𝐸𝑥ℎ𝑎𝑢𝑠𝑡 𝐶𝑂2 𝑐𝑜𝑛𝑐.
𝐼𝑛𝑓𝑙𝑢𝑒𝑛𝑡 𝐶𝑂2 𝑐𝑜𝑛𝑐.
× 100% 
 
The amount of captured CO2 can be estimated using the ideal gas law and assuming 1 atm, 
30oC, and the ideal gas constant is 0.082 L-atm/mol-K. This indicates that the CO2 capture by 
algae during the 8 hours of injections was 3.9, 15.2, and 21.5 mmol for control, low flue gas and 
medium flue gas conditions, respectively. This corresponds to 47.5, 183.0, and 258.3 mg of 
carbon captured for the control, low flue gas, and medium flue gas conditions, respectively. It is 
clear that although the low flue gas condition had a 33% higher CO2 removal efficiency, the 
algae fixed more total carbon in the medium flue gas condition (+41%), which was due to more 
biomass growth. Therefore, the higher flue gas injection rate is favorable when the gas source is 
inexpensive and algae is considered the main product. Low flue gas is preferable when the CO2 
source is expensive or the CO2 removal efficiency is the main driver.  
 
Finally, while assuming the carbon content of the algae is 50%, the carbon assimilation in 
biomass can be estimated by the algae productivity over the flue gas injection period. As shown 
in Table 4, the assimilated carbon is 128.7, 178.6, and 243.7 mg-C for the control, low flue gas, 
and medium flue gas conditions, respectively. When comparing these results to the carbon 
capture, it is surprising that the assimilated carbon estimation is much higher than the captured 
carbon estimation for the control condition. This difference might be because the control 
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reactor had a lower inorganic carbon concentration in the medium than in the air. This would 
generally enhance the surface air transfer, which would encourage CO2 to dissolve into the 
medium. 
 
Table 4 shows the CO2 concentration of the flue gas/air mixture measured before the mixture 
enters the algae cultivation tank and after. During the test, the flue gas CO2 concentration was 
6.01%. After mixing with the air (410 ppm CO2), the influent CO2 concentration became 0.58% 
and 1.04% for low and medium flue gas injection rates, respectively. The exhaust gas CO2 
concentrations were measured as 0.44% and 0.85%, respectively. Therefore, the CO2 removal 
efficiency was 24% and 18% for low and medium flue gas injection rates, respectively. These 
uptake rates are similar to a typical raceway pond performance. For instance, Cole et al. (2014) 
studied the algae CO2 uptake in a raceway pond system. The carbon uptake rate was between 
11.23% and 23.8%, depending primarily on the pH set point. When compared to lab 
experiments, however, higher CO2 removal efficiencies have been demonstrated. For instance, 
Li et al. (2011) reported 20-65% CO2 removal efficiency with Scenedesmus obliquus in 
laboratory bioreactors. In general, the low CO2 uptake rate is due to the relatively low algae 
biomass productivity achieved. In this study, the algal biomass productivity was between 20 
and 50 mg/L-day, which is lower than the typical growth rate. This might be due to the fact that 
the algae were initially cultured in wastewater media with artificial lighting and had not yet 
acclimated to the commercial f/2 medium and solar lighting. Overall algae productivity is 
expected to increase if additional nutrients are added into the system. Finally, if a fine bubble 
diffuser were used for flue gas injection, it would increase the CO2 mass transfer into the water, 
which would likely increase the CO2 uptake rate.   
 
The amount of captured CO2 can be estimated using the ideal gas law and assuming 1 atm, 
30oC, and the ideal gas constant is 0.082 L-atm/mol-K. This indicates that the CO2 capture by 
algae during the 8 hours of injections was 3.9, 15.2, and 21.5 mmol for control, low flue gas and 
medium flue gas conditions, respectively. This corresponds to 47.5, 183.0, and 258.3 mg of 
carbon captured for the control, low flue gas, and medium flue gas conditions, respectively. It is 
clear that although the low flue gas condition had a 33% higher CO2 removal efficiency, the 
algae fixed more total carbon in the medium flue gas condition (+41%), which was due to more 
biomass growth. Therefore, the higher flue gas injection rate is favorable when the gas source is 
inexpensive and algae is considered the main product. Low flue gas is preferable when the CO2 
source is expensive or the CO2 removal efficiency is the main driver.  
 
Finally, while assuming the carbon content of the algae is 50%, the carbon assimilation in 
biomass can be estimated by the algae productivity over the flue gas injection period. As shown 
in Table 4, the assimilated carbon is 128.7, 178.6, and 243.7 mg-C for the control, low flue gas, 
and medium flue gas conditions, respectively. When comparing these results to the carbon 
capture, it is surprising that the assimilated carbon estimation is much higher than the captured 
carbon estimation for the control condition. This difference might be because the control 
reactor had a lower inorganic carbon concentration in the medium than in the air. This would 
generally enhance the surface air transfer, which would encourage CO2 to dissolve into the 
medium. 
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Table 4. CO2 removal efficiency and carbon capture amounts during 8 hr flue gas injections. 
 
CONTROL LOW FLUE GAS MEDIUM FLUE GAS 
Flue Gas CO2 concentration 
 
6.01% 6.01% 
Air pumping rate (L/min) 0.5 0.5 0.5 
Flue gas Injection rate (L/min) 0 0.05 0.1 
Influent CO2 conc. 0.04% 0.58% 1.04% 
Exhaust CO2 conc.  0%* 0.44% 0.85% 
CO2 removal efficiency 100% 24% 18% 
Gas Volume (L) 240 264 288 
CO2 Capture (L) 0.0984 0.3792 0.5352 
CO2 Capture (mole) 0.0039 0.0152 0.0215 
Carbon Capture (mg-C) 47.5 183.0 258.3 
Assimilated Carbon (mg-C)** 128.7 178.6 243.7 
*not analyzed, and assumed to be 0%  
**assumed 50% of biomass is carbon 
 
 
 
3.1.3 Heavy metals in medium 
 
Table 5 shows the estimated heavy metal concentrations in flue gas and in the algae cultivation 
medium transferred from the flue gas following the approach of Napan et al. (2015). These 
values were calculated using data from the literature that include the heavy metal 
concentrations in coal, partitioning of heavy metals to the flue gas (including fly ash), and the 
typical heavy metal removal efficiency of a flue gas desulfurization (FGD) process (Butler R., 
2011; IEA, 2012; Flues et al., 2013; Haneef and Akıntuğ, 2016; Llorens et al., 2001; Chang et al., 
2003; Ito et al., 2006; Córdoba et al., 2012). Subsequently, the amount of heavy metals that can 
remain in water contacted with a large injection rate of flue gas was measured after 3 and 7 
days of pumping flue gas through a column of tap water without any algae. When comparing 
heavy metals in the 3-day and 7-day samples of water contacted with flue gas, the amounts of 
As, Cr, and Cu showed little differences, which suggests that these elements are near saturation 
levels. On the other hand, between the 3 and 7 days of contact, the selenium (Se) 
concentration is still increasing significantly, which suggests the form of Se in flue gas has not 
reached its solubility limit. As shown in Table 5, the actual heavy metal concentrations in the 
flue gas-contacted water samples are mostly close to the estimated medium concentrations, 
except Cu and Zn, which were measured at much higher levels. Thus, Cu and Zn concentrations 
in algae media contacted with flue gas are most likely not going to be limited by solubility. In 
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contrast, the other elements could be limited by solubility, which was not considered in most 
previous literature studies of algal carbon capture.  
 
As also shown in Table 5, the low flue gas and medium flue gas media used for algae cultivation 
were also analyzed for heavy metal concentrations near the end of the growth cycle.  The 
resulting heavy metal concentrations are noticeably lower than in the 3-day or 7-day flue gas-
contacted water, which indicates that the algae are able to uptake heavy metals fairly well. The 
growth in these cultures was better than in the control cultivation without flue gas injections 
(Figure 5), indicating that the heavy metal levels in flue gas did not have a significant negative 
impact on algal growth. It should be noted that the 7-day flue gas-contacted water showed a 
high concentration of Zn, while both algae reactor effluents had very small amounts of Zn in the 
media. This result suggests that the algae uptake a large amount of Zn.      
 
 
 
Table 5. Estimated concentrations of heavy metals in flue gas and cultivation medium 
compared to measured values. 
Heavy 
Metal 
Species 
Estimated 
Flue Gas 
Conc. 
Est. Conc. 
In Cultiv. 
Medium 
Flue gas 
contacted 
water 
3 days 
Flue gas 
contacted 
water 
7 days 
Low Flue 
Gas  
Medium 
Medium 
Flue Gas 
Medium 
 (µg/m3) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) 
As 108.20 3.67 1.25 1.53 0.61 0.75 
Cr 108.33 3.67 1.47 1.35 0.82 0.93 
Cu 26.61 0.90 63.97 78.15 45.3 47.8 
Pb 456.63 15.50 N.A. <40 <40 <40 
Hg 4.94 0.17 <1 <1 <1 <1 
Se 42.45 1.44 1.12 1.97 0.89 0.83 
Zn 151.58 5.14 N.A. 381 13.8 15.4 
 
 
 
3.1.4 Heavy metals in algal biomass and maximum tolerable level for animal feeds 
 
Algal biomass can be viewed as a relatively high-value biomass product because of the fact that 
it contains high quantities of lipids and proteins that can be sold as a food or animal feed 
ingredient. Growing algae with flue gas is not likely to be used for human food products, and 
there are likely to be concerns about using algae for animal feed because it may accumulate 
heavy metals. To investigate this issue further, Table 6 shows the measured algal biomass heavy 
metal concentrations after cultivation with flue gas injection and compares that with the 
maximum tolerable levels (MTL) for animal feed. MTL is defined as the concentration without 
adverse effects to the animal (National Research Council, 2005). The results show that Cu, Pb, 
and Zn concentrations in algal biomass were above the animal MTL. Thus, these elements may 
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need to be managed or the algal biomass that is grown in contact with flue gas may need to be 
blended with other animal feed ingredients. Utomo et al. (2016) studied the biosorption of 
heavy metals by algal biomass and found the algae surface has a strong adsorption capacity for 
Pb and Zn, followed by Cu. The adsorption capacities of Pb, Zn, and Cu were 50, 50, and 20 
mg/g, respectively, at the initial solution concentration of 2.5 mg/L. That study explains the 
reason for higher heavy metal concentrations in algal biomass and highlights a potential 
problem with heavy metal accumulation in algal biomass while feeding with flue gas. Further 
study is needed to confirm if the heavy metal accumulation (especially Pb, Zn, and Cu) is related 
to certain types of coal sources and potential mitigation strategies.  
 
 
 
Table 6. Algal biomass heavy metal concentrations and animal feed maximum tolerable levels 
(MTL). 
Heavy 
Metal 
Species 
 
Algae 
(Control) 
ppm 
Algae 
(Low flue 
gas) ppm 
Algae 
(Medium 
flue gas) 
ppm 
Poultry 
Feed 
MTL 
ppm 
Swine 
Feed 
MTL 
ppm 
Cattle 
Feed 
MTL 
ppm 
Fish 
Feed 
MTL 
ppm 
As <5 <5 <5 30 30 30 5 
Cd <0.6 <0.6 <0.6 10 10 10 10 
Cr 1.8 6.0 4.5 100 100 100 3,000* 
Co 0.9 1.6 1.7 25 100 25 
 
Cu 50.8 302 332 250 250 40 100 
Pb 28.3 55.6 61.4 10 10 100 10 
Ni 5.1 8.0 7.7 250 250 100 50 
Se <0.7 <0.7 <0.7 3 4 5 2 
Zn 73.8 1023 1111 500 1000 500 250 
 
 
 
3.1.5 CO2 supply cost analysis  
 
In current DOE baseline estimates of algal biomass production costs, the CO2 supply costs 
account for $99/dry ton of biomass (DOE, 2016). The baseline case in this report is based on 
using purified CO2 from flue gas carbon capture technologies, such as amine scrubbing and 
membrane purification, and technology is expected to provide CO2 at > 99% purity. The cost of 
purchasing highly purified CO2 is $45/metric tonne-CO2 (~$41/US ton). As the algae require 
approximately 1.8 kg-CO2/kg-biomass and the carbon capture efficiency is assumed to be 90%, 
the cost of purchasing CO2 is equivalent to $91/dry ton biomass costs. The cost for on-site CO2 
storage and distribution is $8/dry ton biomass. On the other hand, the DOE report also 
estimated the CO2 supply cost if the raw flue gas was used. Due to lower CO2 concentrations in 
raw flue gas (~10%) and a lower expected CO2 capture efficiency (75%), the amount of gas 
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needing to be transferred to an algal cultivation pond increases by 12 times. The resulting 
overall cost for using raw flue gas was estimated to be $119/dry-ton biomass (NREL, 2013).  
 
Another alternative is to partially concentrate the flue gas to a purity level that minimizes the 
sum of gas purification and distribution costs. Figure 6 shows the estimated total CO2 supply 
cost and the component costs for purification and distribution as a function of the CO2 
concentration used. The cost curve is estimated based on the volume of gas being distributed, 
for which the scale is adjusted using an appropriate scaling term by the following equation: 
 
𝑆𝑐𝑎𝑙𝑒𝑑 𝑒𝑞𝑢𝑖𝑝𝑚𝑒𝑛𝑡 𝑐𝑜𝑠𝑡 = 𝑐𝑜𝑠𝑡 𝑎𝑡 𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝑠𝑐𝑎𝑙𝑒 × (
𝑠𝑐𝑎𝑙𝑒 𝑢𝑝 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦
𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦
)𝑛 
where n is the scale factor, which is typically 0.6 to 0.7. The information in Figure 6 shows that 
reducing the total cost for CO2 supply to the algae cultivation system (including purification and 
distribution) is possible by selecting a medium efficiency purification technology. For example, 
membrane separation can achieve above 45% CO2 purity with a single stage of filtration (Aaron 
and Tsouris, 2005), which reduces the gas volume distributed by four times compared to raw 
flue gas. Future research should evaluate lower-cost CO2 purification technologies with 
moderate efficiency and the resulting effects on algal CO2 removal at different CO2 
concentrations. 
 
 
 
 
Figure 6. Comparative cost curves for CO2 purification and distribution. 
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3.2 Anaerobic treatment of HTLaq product 
 
3.2.1 Anaerobic treatment of HTLaq product sequencing-batch test results 
 
Hydrothermal liquefaction (HTL) is a promising process for thermochemically converting algae 
and other types of biomass to a bio-oil product that can be used for biofuels. One issue with 
HTL is the generation of an aqueous byproduct (HTLaq) that cannot be discharged without 
further treatment. The second objective of this study was to investigate anaerobic treatment of 
HTLaq product as an alternative to catalytic hydrothermal gasification (CHG) treatment, which 
is used in current DOE techno-economic analyses for cleanup of residual organics in HTLaq. In 
this work, the ability of anaerobic microorganisms to adapt to gradually increasing 
concentrations of HTLaq to overcome previously reported inhibitory effects and achieve 
significant methane production was investigated. Initial sequencing-batch test results showed 
that anaerobic treatment of a blend of 0.1-7% HTLaq product combined with mixed sewage 
sludge is achievable. Note that blending percentages given here are on the basis of chemical 
oxygen demand concentrations (mg/L COD), which are a bulk measure of organics. Cumulative 
methane production for the initial sequencing-batch test is shown in Figure 7. With the two 
lowest HTLaq conditions, no evidence of inhibition was observed. For instance, the 0.1 and 
0.4% conditions started with a methane production almost the same as with the mixed sewage-
sludge-only control condition (0%), but after 74 days of treatment these low-dose conditions 
achieved 13 and 15% greater methane production, respectively, compared to the control. Some 
methane production data are overlapping in Figure 7; therefore, the difference in cumulative 
methane production relative to the control (ΔCH4) was plotted at discrete time points in Figure 
8 to more clearly highlight the differences. It can be seen that the higher-concentration HTLaq 
conditions did exhibit some initial inhibition as indicated by decreased methane production 
compared to the 0% control condition in the first 15 to 45 days of treatment. However, with 
time, methane production in the 1 and 2.5% conditions improved and eventually surpassed the 
control condition, achieving up to 6 and 7% greater methane production, respectively. These 
results suggest that the microbial community acclimated to the higher concentrations of HTLaq 
and eventually could use HTLaq for enhanced methane production.  
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Figure 7. Average cumulative methane production over time during sequencing batch digestion 
of HTLaq product in combination with mixed sewage sludge at various dosages. 
 
 
 
Figure 8. Differences in average cumulative methane production relative to the control (0% 
HTLaq condition) over time during sequencing batch digestion of various dosages of HTLaq 
product in combination with mixed sewage sludge. 
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Steady-state methane production was achieved in all conditions around Day 45, and the 
average value from Day 45 to 74 was 259, 269, 276, 269, and 267 mL/g COD added, for the 0, 
0.1, 0.4, 1, and 2.5% HTLaq conditions, respectively. The higher methane-production levels 
ultimately achieved when HTLaq was added to the mixed sludge suggest that the low-strength 
HTLaq used in this testing was more degradable than the mixed sewage sludge. This condition is 
likely due to the higher proportion of dissolved organics, particularly short-chain organic acids, 
that are typically present in HTLaq product. Full characterization of the HTLaq product was not 
carried out in this study; however, Table 7 summarizes the distribution of compounds typically 
found in HTLaq product. 
 
After Day 74, two of the three 2.5% HTLaq condition replicates were increased to 3% of COD 
fed as HTLaq. The third replicate was increased to 7% of COD fed as HTLaq. On Day 108, the 7% 
HTLaq condition was divided equally into two bottles, and one bottle was increased to 9% of 
COD fed as HTLaq and the other remained at 7%.  Methane production during this transition 
from 2.5% to 9% of COD fed as HTLaq product is shown in Figure 9. The mixed sludge substrate 
that was fed in combination with HTLaq product also changed on Day 74, which likely explains 
the decrease in methane production that was observed in all conditions starting on Day 74. 
Nevertheless, methane production in all conditions eventually reached similar levels to that 
observed in the initial sequencing-batch test, between 260 and 270 mL/g COD added. The 7 and 
9% HTLaq conditions, which had a higher proportion of COD fed as HTLaq product than mixed 
sludge, achieved 1.5 and 3.5% greater methane production (265 and 270 mL/gCOD added), 
respectively, compared to the 3% HTLaq condition (261 mL/g COD added). This again indicates 
that at the concentrations tested, low-strength HTLaq was more easily degraded compared to 
the mixed sewage sludge. 
 
The initial sequencing-batch test demonstrated successful anaerobic treatment of low 
concentrations of low-strength HTLaq and showed the ability of the anaerobic microbial 
community to acclimate to gradual increases in the concentration of HTLaq fed. Next, a second 
sequencing-batch test was set up to evaluate anaerobic treatment of a higher-strength HTLaq 
sample with higher amounts of HTLaq fed. Methane production from this second sequencing-
batch test is shown in Figure 10 as cumulative methane production per feed period. In this test, 
two conditions were initially set up: a 0% HTLaq control and a 7% HTLaq test condition. 
Subsequently, the amount of HTLaq fed in the test conditions was gradually increased up to 
19%. Color changes in Figure 10 indicate changes in the concentrations of HTLaq fed. Average 
methane production under all conditions during selected time intervals is shown in Figure 11. 
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Table 7. Relative abundance of compounds in HTLaq product for various reaction temperatures. 
 
 
 
 
 
Figure 9. Cumulative methane production during the initial anaerobic sequencing-batch testing 
with low-strength HTLaq product at concentrations of 0 to 2.5% of COD fed as HTLaq product, 
and during transition from 2.5 to 9% of COD fed as HTLaq product. 
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Looking at the data in Figures 10 and 11, similar or greater methane production was achieved 
during treatment of 7 and 12% of COD fed as HTLaq, compared to the 0% control condition. 
Between Days 18 and 38, average methane production was 177, 207, and 211 mL/g COD added 
in the 0, 7, and 12% HTLaq conditions, respectively. By Day 43, two of the test condition bottles 
had been increased to 19% of COD fed as HTLaq product and were initially able to achieve 
similar methane production yields compared to the lower concentrations tested. However, the 
19% HTLaq condition eventually experienced a significant decline in methane production after 
Day 53, suggesting that inhibition of the microbial community was occurring at this 
concentration of HTLaq product. Although a slight recovery in methane production was 
observed between Days 66 and 77, the 19% HTLaq condition was not able to fully recover over 
the next 24 days, as indicated by significantly lower methane production compared to the 15% 
and 0% HTLaq conditions. Therefore, the dosage of HTLaq in this condition was reduced from 
19% of COD fed back down to 12%. Doing so resulted in an immediate improvement in 
methane production. The microbial community may have needed a more gradual transition to 
19%, or more time to acclimate. Overall, in this second round of sequencing-batch testing, and 
using a higher-strength HTLaq product, 12% of COD fed as HTLaq resulted in the greatest 
improvement in methane production compared to the control condition. The methane 
production observed with 12% of COD fed as HTLaq product (211 mL/g COD added) was 18% 
higher than the mixed sludge control (177 mL/g COD added). Future work should continue to 
investigate gradual increases in HTLaq concentrations fed to identify an optimal concentration 
that will provide the maximum sustained benefit to methane production. 
 
 
 
 
Figure 10. Cumulative methane production per feed period, in second round of sequencing-
batch tests treating various doses of high-strength HTLaq product mixed with mixed sewage 
sludge. 
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Figure 11. Average methane production during indicated time intervals, resulting from 
treatment of high-strength HTLaq product with mixed sewage sludge. 
 
 
 
3.2.2 Full-scale testing results with anaerobic treatment of HTLaq product 
 
A full-scale demonstration of anaerobic treatment of HTLaq was carried out at the Northeast 
Wastewater Treatment Plant of the Urbana & Champaign Sanitary District (UCSD). HTLaq 
product was continuously fed into a full-scale digester (Digester 1) at concentrations of 0.1, 0.3, 
and 0.4% of COD fed, and the remainder of digester feed was the typical mixed sewage sludge 
generated at the plant. The maximum loading rate was chosen based on the initial sequencing-
batch results, in which the addition of 0.4% of COD fed as HTLaq product did not cause 
inhibition and resulted in the highest observed increase in methane production compared to 
treatment of mixed sewage sludge alone (15% improvement). The concentration of HTLaq 
added to the digester was gradually increased over time to allow for acclimation of the 
microbial community to the HTLaq product. Results from this work are shown in Figure 12, 
where biogas production in Digester 1 over time is compared to biogas production in a twin 
digester that did not receive HTLaq product, Digester 2. At the end of testing, it was found that 
the addition of up to 0.4% of COD fed as HTLaq did not have any negative impacts on biogas 
production. However, at full scale, this dosage did not provide a discernable benefit on 
methane production. Biogas production in both digesters was similar during the course of 
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testing. Since the bench-scale testing showed benefits in methane production with the addition 
of 7 to 12% of COD fed as HTLaq, future full-scale testing should investigate higher loading rates 
of HTLaq to see if there is a significant and measurable enhancement of biogas production by 
adding HTLaq product.  
 
 
 
 
Figure 12. Daily biogas production over time for full-scale Digesters 1 and 2 during normal 
operation (mixed sewage sludge only) and during treatment of HTLaq product. 
Notes: HTLaq product was loaded into Digester 1 at rates of 40, 100, and 220 gallons per day. Digester 2 received 
only mixed sewage sludge for the entire testing period. 
 
 
 
3.2.3 Microbial community analysis 
 
A microbial community analysis was conducted on samples collected from the initial 
sequencing-batch tests and from the full-scale demonstration of anaerobic treatment of HTLaq, 
to elucidate whether the microbial community did in fact change in response to treating 
increasing concentrations of HTLaq product. Figure 13 provides a multidimensional scaling 
(MDS) visualization of these data using the Bray-Curtis Index, a measure of similarity among 
bacterial and archaeal microbial communities collected from the initial sequencing-batch test 
on Day 74 (end of testing with up to 2.5% HTLaq) and on Day 104 (end of testing with up to 7% 
of HTLaq). In this type of plot, similarity among samples is reflected by their proximity to one 
another. Samples that group closer together are more similar, and samples that group farther 
apart are more dissimilar. 
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Figure 13 shows discernable changes within both the bacterial and archaeal communities as the 
concentration of HTLaq increased. Samples collected from the 0.4% HTLaq condition grouped 
most closely to the 0% control condition, compared to samples from the 2.5, 3, and 7% HTLaq 
conditions. Samples from the 3% and 7% HTLaq conditions grouped more similarly to each 
other than to the lower concentration conditions, suggesting that these microbial communities 
were more similar to each other than to the control community. Together, these findings 
suggest that the sequencing-batch test of microbial communities did in fact adjust in response 
to treating higher concentrations of HTLaq product.  
 
Changes in the full-scale digester microbial communities were also investigated. Figure 14 
provides a visualization of Bray-Curtis similarity among bacterial and archaeal microbial 
communities collected from Digester 1 and 2 on Day 64, which was towards the end of the 
testing period when HTLaq was fed to Digester 1, and on Day 106, which represented a return 
to normal operating conditions. In this case, microbial communities from Digester 1 and 
Digester 2 were more similar during the period of time when HTLaq was being fed to Digester 1. 
A shift in the microbial communities occurred after returning to normal operation, and in this 
case, Digester 1 communities were less similar to Digester 2 communities after returning to 
normal operating conditions. 
 
The dissimilarity of the Digester 2 communities (D2 HTL vs. D2 Na and D2 Nb), which is the 
control and received no HTLaq, may be the result of seasonal differences. D2 HTL samples at 
Day 64 were taken last summer, whereas the D2 Na and D2 Nb Day 106 samples were taken in 
mid-fall. The time difference means an average external temperature difference of 10 to 15°C. 
Also, with the short sampling time, these communities may actually be quite similar as 
compared to future years and evolutions of the digestion tank. 
 
These findings may suggest that there was some lag between feeding HTLaq product to 
Digester 1 and acclimation of the Digester 1 microbial community in response. This may also 
explain why there was no increase in methane production observed during the time that HTLaq 
product was fed to Digester 1. It is possible that the initial HTLaq loading rate was too low to 
cause a significant change in the microbial community, and when the HTLaq concentration was 
increased, the testing period was too short. Therefore, the microbial community did not have 
enough time to adjust to be able to process the higher concentrations of HTLaq. Future work 
should investigate the addition of higher concentrations of HTLaq at full scale and over a longer 
time scale to confirm the ability of the microbial community to adjust to treating HTLaq and to 
realize the potential benefits to methane production that were shown in bench-scale tests for 
anaerobic treatment of HTLaq. 
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(a)  
(b)  
 
Figure 13. MDS plots visualizing Bray-Curtis similarity among (a) bacterial and (b) archaeal 
microbial communities in samples collected at the end of treatment from the initial anaerobic 
sequencing-batch tests treating various concentrations of HTLaq. 
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 (a)  
(b)  
Figure 14. MDS plots visualizing Bray-Curtis similarity among (a) bacterial and (b) archaeal 
microbial communities in samples collected from the full-scale digesters during anaerobic 
treatment of HTLaq product. 
Notes: “D1” represents Digester 1, which received HTLaq product. “D2” represent Digester 2, which did not received 
HTLaq product. Samples with the label “HTL” were collected during the time HTLaq product was fed to Digester 1. 
Samples with the label “Na” or “Nb” were collected during normal operation at two different times. 
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3.2.4 Techno-Economic Analysis (TEA) of anaerobic treatment of HTLaq product  
 
The energy balance and costs were analyzed for several scenarios of mixed sludge treatment 
via HTL conversion of wastewater biosolids followed by HTLaq post-treatment via either 
anaerobic digestion (AD) or catalytic hydrothermal gasification (CHG). The results from this 
analysis suggest that combining HTL technology with the existing wastewater treatment 
infrastructure could significantly enhance energy recovery from municipal wastewater and 
reduce the costs associated with the current baseline for state-of-the-art HTL applications. 
Figure 15 provides block-flow diagrams of four different scenarios for treating municipal 
sewage sludge. The first scenario is conventional treatment of mixed sewage sludge via AD 
assuming a methane yield of 177 mL CH4/g COD added (50% COD removal), as was achieved in 
this study and is typical for full-scale digesters. The second two scenarios combine HTL and AD 
technology assuming either 12% or 60% of COD fed to AD is HTLaq product with a methane 
yield of 211 mL CH4/g COD added (59% COD removal), as was achieved in the 12% HTLaq 
condition of this study. The third scenario of 60% HTLaq product fed to the digester was not 
demonstrated in this study but was used for comparative analysis of an aspirational goal of 
processing almost all of the wastewater biosolids (~85%) via HTL. Finally, the fourth scenario 
combines HTL technology with CHG. CHG is a thermochemical process that converts organic 
material into a syngas (70-80% CH4 & 20-30% CO2) under high heat and pressure and in the 
presence of a catalyst. HTL plus CHG is the current predominant DOE baseline scenario for using 
HTL in wastewater applications.  However, leveraging the use of existing anaerobic digesters at 
wastewater treatment plants could significantly improve the techno-economics associated with 
HTL. Table 8 summarizes the major assumptions and parameters used for the block-flow 
diagrams and subsequent techno-economic analysis, which originated mostly from past DOE 
reports. 
 
Table 9 provides a simplified energy balance for the four different treatment scenarios. The 
major energy input for all scenarios is for process heating. Anaerobic digester feed was 
assumed to be heated from 21 to 35°C, and the feed to the HTL and CHG reactors was assumed 
to be heated from 21 to 350°C, as described in previous reports (PNNL, 2014). The energy 
output included methane produced via AD or CHG, and bio-crude oil produced via HTL. As 
shown in Table 9, integrating HTL with the anaerobic treatment of mixed sludge has the 
potential to significantly increase net energy recovery compared to AD alone. Total net energy 
recovery increased 50% by sending 40% of the mixed sludge to HTL. Sending a greater fraction 
of mixed sludge to HTL can further improve energy recovery from mixed sewage sludge. 
However, this also means a higher concentration of HTLaq product will need to be treated via 
anaerobic digestion. As shown in Table 9, the current analysis indicates that sending 85% of 
mixed sludge to HTL can increase net energy recovery by 70% compared to AD alone. However, 
this would also mean that about 60% of COD loaded into the anaerobic digester will come from 
HTLaq, which was not demonstrated experimentally in this study. Given the large potential 
increase in energy recovery, further investigation of anaerobic treatment of HTLaq at higher 
loading rates is well justified, as well as methods for mitigating any inhibitory effects of HTLaq 
product on AD.  
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Looking at the fourth scenario in Table 9, HTL + CHG can improve net energy recovery by 41% 
compared to AD alone, resulting in lower net energy recovery than both of the scenarios 
combining HTL of biosolids followed by AD of HTLaq byproduct. This is a result of the fact that 
CHG has a higher energy input than the energy output when the feedstock is HTLaq product. In 
contrast, AD uses lower temperatures and is able to maintain a net positive energy balance 
when processing HTLaq product. Thus, combining HTL with AD is more energetically favorable 
than with CHG.  
 
Table 10 summarizes the annualized capital and operating costs associated with the same four-
process scenarios, which can be used in conjunction with the net energy production in Table 9 
to determine the best alternatives. Table 10 shows that for anaerobic digestion, capital costs 
account for the largest fraction of total annual cost, but for HTL and CHG, operating costs for 
heating account for a much larger fraction of the total annual cost. This difference is due to the 
higher operating temperatures associated with HTL and CHG and the expensive catalyst that is 
required for CHG. As shown at the bottom of Table 10, using an existing anaerobic digester 
significantly reduces capital costs for any scenario that uses AD. Overall, the lowest cost 
alternative is AD alone when there is an existing digester, but this option also produces the 
least bioenergy. The amount of bioenergy can be increased with HTL + AD, and the end user can 
select a desirable balance between cost and bioenergy production. With an existing digester, 
HTL + CHG is not a desirable option because it has higher total costs but produces less energy 
than either of the HTL + AD options.     
 
If no digester is pre-existing, the lowest annualized cost alternative is HTL + CHG. When 
considering the tradeoff between costs and energy, HTL + AD (with 60% of COD from HTLaq) 
would also be a good alternative without a pre-existing digester. It produces the most net 
energy, and the cost per amount of energy produced is essentially the same as the HTL + CHG 
alternative. The total cost and cost per amount of energy produced for the other two 
alternatives are both substantially higher when there is no pre-existing digester, and thus they 
would not be desirable in that case.  
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(a)  
(b)  
(c)   
 (d)  
 
Figure 15. Block-flow diagram of mixed sewage sludge treatment scenarios: (a) AD only, (b) HTL 
+ AD, 12% of COD as HTLaq, (c) HTL + AD, 60% of COD as HTLaq, (d) HTL + CHG. 
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Table 8. Summary of assumptions and inputs used for techno-economic analysis of sewage 
sludge treatment via hydrothermal liquefaction (HTL) plus either anaerobic digestion (AD) or 
catalytic hydrothermal gasification (CHG). 
Parameter Units Value Reference 
Mixed sludge flow rate MGD 0.1   
Mixed sludge COD mg/L 40,000   
Equipment Lifetime yrs 30 PNNL, 2014 
AD Capital Cost  $/m3 1500 Scion Res, 2013 
AD Retention Time  Days 20   
AD Operating Temperature °C 35   
HTL Capital Cost $ 85,000,000 PNNL, 2014 
HTL Capacity lb/hr 574,476 PNNL, 2014 
HTL Operating Temperature °C 350 PNNL, 2014 
CHG Capital Cost $ 81,000,000 PNNL, 2014 
CHG Capacity lb/hr 491,836 PNNL, 2014 
CHG Operating Temperature °C 350 PNNL, 2014 
CHG Catalyst Cost M$/yr 7.21 PNNL, 2014 
Centrifuge Energy Input kWh 200 Flottweg, 2018 
Centrifuge Capacity gpm 1000 Flottweg, 2018 
Natural Gas Price $/1000 scf 3.95 US EIA, 2018 
Electricity Price $/kWh 0.0682 US EIA, 2018 
% Carbon from HTL to HTLaq % 20 PNNL, 2014 
CHG COD to gas conversion  % 99.9 PNNL, 2014 
CHG Carbon to gas conversion % 50 PNNL, 2014 
 
 
 
Table 9. Energy balance of sewage sludge treatment via conventional anaerobic digestion (AD), 
compared to treatment via hydrothermal liquefaction (HTL) with either AD or catalytic 
hydrothermal gasification (CHG) post-treatment of the resulting HTLaq product. 
(MJ/day) AD Only 
HTL + AD (12% of 
COD as HTLaq) 
HTL + AD (60% of 
COD as HTLaq) 
HTL + CHG  
Energy in         
Centrifuge   5 13 14 
       AD 22,158 12,187 3,767   
       HTL   18,225 46,863 52,070 
       CHG       44,781 
Energy Out         
       AD 96,059 72,452 28,751   
       HTL   69,523 147,736 165,117 
       CHG       36,245 
Net Energy Recovery 73,902 111,559 125,844 104,497 
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Table 10. Summary of major capital and operating costs for sewage sludge treatment via 
conventional anaerobic digestion (AD), compared to treatment via hydrothermal liquefaction 
(HTL) with either AD or catalytic hydrothermal gasification (CHG) post-treatment of the 
resulting HTLaq product. 
(Million $/year) 
AD 
Only 
HTL + AD (12% of 
COD as HTLaq) 
HTL + AD (60% of 
COD as HTLaq) 
HTL + CHG  
Annualized Capital Cost         
AD 0.66 0.55 0.19   
HTL   0.01 0.03 0.03 
CHG       0.03 
Annual Operating Cost         
AD Heating 0.030 0.017 0.005   
HTL Heating   0.025 0.064 0.071 
CHG Heating       0.061 
CHG Catalyst       0.044 
Total Annualized Cost 0.69 0.60 0.29 0.23 
Total Annualized Cost 
w/ existing AD 0.03 0.05 0.10 0.23 
Note: Centrifugation energy was checked and found to be negligible in comparison to other costs (< 1%) 
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4. Conclusions 
 
This study showed that mixed culture algae are capable of using CO2 in flue gas, and the impact 
of the flue gas on algal growth rates was positive. Specifically, the biomass productivity of our 
control culture (w/o flue gas) was 37.8 mg/L-day, which was lower than the high, medium, and 
low flue gas injection rate cultures that grew at 63.3, 52.8, and 41.5 mg/L-day, respectively. The 
CO2 removal efficiency analysis showed that 24 and 18% CO2 uptake was achieved for low flue 
gas and medium flue gas injection rates, respectively. Because higher flue gas injection rates 
resulted in higher productivity and lower CO2 removal efficiency, higher flue gas injection rates 
are preferable when the CO2 source is cheap and algae are considered the main product. Low 
flue gas injection rates would be preferable when the CO2 source is expensive or the CO2 
removal efficiency is important. Heavy metal analysis showed that algal biomass will 
accumulate Zn, Pb, and Cu from flue gas, which can exceed certain animal feed regulatory 
limits. Further study is needed to confirm the causation and develop mitigation strategies for 
metals accumulation.  
 
This work also demonstrated that anaerobic treatment of HTLaq in combination with sewage 
sludge is feasible in both lab- and full-scale applications, which highlights the potential for 
enhancing energy recovery from sewage sludge through integration of HTL technology with 
municipal wastewater treatment. At the lab scale, up to 18% improvement in methane yield per 
gram of COD was achieved during treatment of HTLaq product at 12% of COD fed vs. a control 
with sewage sludge only. At the full scale, up to 0.4% of COD fed as HTLaq was treated 
successfully via anaerobic digestion, with no evidence of inhibition or negative impact on biogas 
production. Future work should investigate higher loading rates of HTLaq at both lab and full 
scale to further enhance the energy recovery potential from mixed sewage sludge. Overall, this 
work highlights that integrating HTL technology with existing municipal sludge anaerobic 
digesters could significantly improve the bioenergy production of municipal wastewater 
treatment systems by 50 to 70% at a cost that is favorable compared to other alternatives.  
 
5. Future Recommendations 
 
The following recommendations for future study are based on the results of this report and 
other past work: 
- Optimize algal growth conditions for a range of flue gas injection rates.  
- Study the causation of algal biomass heavy metal accumulation and develop strategies 
to mitigate heavy metal accumulation. 
- Study low-cost CO2 separation technologies to reduce overall algae production costs; 
- Determine maximum treatable concentration of HTLaq product through additional lab-
scale sequencing-batch testing. 
- Evaluate HTLaq pretreatment methods to further improve anaerobic treatability of 
HTLaq product and enhance methane recovery. 
- Demonstrate full-scale treatment of higher concentrations of HTLaq product with or 
without pretreatment to validate potential enhancement of methane production. 
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